In order to improve the processing properties of texturized wheat gluten (TWG), we studied the effect of calcium stearyl lactylate (CSL) (0 _ 0.12%, w/w) on the physicochemical properties and structure of TWG using a twin screw extruder. Results showed that the hardness, adhesiveness, and chewiness of TWG significantly increased by 161.55%, 225.06% and 138.54%, respectively, with addition of 0.08% CSL during twin-screw extrusion processing.
Introduction
shown in Fig. 1 . The residence time of wheat gluten in the barrel was about 30 s .Wheat gluten was extruded at a feed rate of 300 kg h _ 1 and a screw speed of 400 rpm. The extrudates were maintained in a steady state condition for about 5 min before sample collection.
Extruded products were immediately dried at 40℃ overnight in a forced-air drier (DHG-9240A, Hengkexue Instrument Co., Ltd., China). The final dried samples contained a maximum of 6% moisture. Dried samples were stored in polyethylene bags at room temperature and used for further analysis. Hereafter, we refer to the raw wheat gluten as WG and the extruded wheat gluten products with different CSL contents (0%, 0.04%, 0.08% and 0.12% w w _ 1 )
as TWG-0% CSL, TWG-0.04% CSL, TWG-0.08% CSL, and TWG-0.12% CSL.
Texture properties The samples were immersed in water at 25℃, set on sieve for 10 min, and then split into 50 mm cubes with a knife. The TWG were then characterized including the hardness, gumminess, cohesiveness, springiness, chewiness, and texturization using the TA-XT2i texture analyzer (Stable Micro Systems, U.K.)
at 25℃, according to the method described by Fang et al (2014) .
with slight modifications. The texture analyzer conditions were set as follows: probe P50, pretest speed: 1.0 mm s _ 1 , testing speed:
2.0 mm s _ 1 , posttest speed: 2.0 mm s _ 1 , and compressed distance:
75% of its original height. The hardness, gumminess, cohesiveness, springiness and chewiness data were then recorded. The samples were cut using an A/CKB probe to 75% of its initial thickness at a speed of 1 mm s _ 1
, along the vertical orientation and then parallel to the direction of extrusion. The degree of texturization can be used to indicate the formation of fibrous structures, and is expressed as the ratio of vertical strength and parallel strength. All measurement indices from 6 pieces of treatment were recorded and averaged.
Raman spectroscopy Samples of the powder were retrieved from the 100-mesh sieve after grinding by the QSB-200 grinder (Yongkang fun Ltd., Zhejiang, China) and then the powder were used for Raman spectroscopy analyses. Raman spectra for the TWG were collected to analyze molecular structure and chemical composition by a LABRAM-Aramis spectrometer (Horiba JobinYvon, France) according to previous methods with modifications (Cui et al., 2011; Tang and Ma, 2009 FTIR spectroscopy FTIR of the texturized wheat gluten was performed as previously described (Kong and Yu, 2007) , with modifications, using a Nicolet 6700 FTIR spectrometer (Thermo Nicolet Co., USA). To avoid the interference of moisture, the sample powder was dried using the drying lamp. The ratio of sample powder and KBr was 1:200. After mixing evenly using an agate mortar and pestle, the powder was formed into slice
(1 _ 2 mm thick) using a 10 t hydraulic press. The powder samples were measured by determining the attenuated total reflectance (ATR) from 4000 to 400 cm _ 1 with a resolution of 4 cm _ 1 and a total of 64 scans. Changes in the Amide I band from 1600 to 1700 cm Reducing SDS-PAGE SDS-PAGE was used to visualize changes in the wheat gluten subunit molecular weights using a vertical mini-gel System (Mini-PROTEAN Tetra Cell, Bio-Rad Laboratories, Shanghai, China). SDS-PAGE was conducted using the modified method described by Steffolani et al. (2010) . WG, TWG and TWG-CSL powder (2 mg) were solubilized in 0.5 mL of Tris-HCl buffer (0.0625 M, pH 6.8) containing glycerol (10%), SDS (2.3%), and 2-mercaptoethanol (5%). The solubilized samples were then heated in boiling water for 5 min. The resulting solution was cooled to room temperature, and centrifuged at 7,000 rpm for 10 min. The sample supernatants (10 μL) were added to a 12% (pH 8.8) separating/5% (pH 6.8) stacking gel, and separated using a constant voltage of 80 V for electrophoresis. The gel was stained for 50 min with 0.25% Coomassie Brilliant Blue-R250
(0.1 g/100 mL Coomassie brilliant blue R-250, 10 mL/100 mL acetic acid, and 45 mL/100 mL methanol), and washed in as acetic acid-methanol-distilled water solution (1:8:5, v:v:v) . The stained bands were measured using a Chemi Doc TM MP Imaging System (Bio-Rad Laboratories, Shanghai, China).
Scanning Electron Microscope (SEM) Microstructure analysis
was carried out according to the method described by Wang et al.
(2016). The samples were sprayed with gold prior to detection.
Microstructures were visualized using a JSM-6490 LV scanning electron microscope (JEOL, Japan). A representative photomicrograph was selected for all samples.
Statistical analysis All experiments were conducted in triplicate, with the resulting data presented as the mean ± standard deviation (mean ± SD) for the samples. All analysis of variance (ANOVA) and significant difference tests were performed using SPSS Statistic 10.0 software. Statistical significance was determined as P < 0.05.
Results and Discussion
Analysis of orthogonal array testing Orthogonal array testing was applied to optimize the parameters of extrusion condition. The set of experiments performed and the corresponding results obtained are shown in Table 1 Table 2 demonstrated that temperature and moisture content displayed the most significant effect on the texturization degree, followed by the feed rate and the screw speed exhibited the least. Table 2 illustrated that the optimal extrusion condition of texturized wheat gluten was found to be 32% moisture content , 140℃, 400 rpm and 300 kg h _ 1 feed rate.
Results revealed that the hardness was significantly dependent on the screw speed and feed rate. The hardness increased with the increasing of screw speed and feed rate. The moisture content showed significantly effect on the adhesiveness. Except for that, the chewiness of TWG were significantly affected by the moisture content, screw speed and feed rate.
Texture properties The effects of CSL on the degree of hardness, adhesiveness, springiness, chewiness and texturization of TWG are shown in Table 3 Analysis on FTIR FTIR spectroscopy can accurately measure protein secondary structure. Each protein can be associated with specific bands and wavenumber intensities. The total FTIR spectra (400 _ 4000 cm _ 1 ) of wheat gluten samples are displayed in Fig. 2 . Superscript letters indicate significant differences in the same column (P < 0.05). K represents the average of sum of factor's target for texturization degree (the number below K is coded level of factor). R represents the range, which indicates how far it is from the lowest Ki to the highest ki for a certain factor. , 1658 cm _ 1 , representative of C-N, C = N, and C = O groups and associated with Maillard reaction products, were weakened (Gu et al., 2010; Li et al., 2016) .
Thus, the addition of CSL appeared to inhibit the Maillard reaction in wheat gluten samples during the extrusion process ; this result therefore was consistent with the SDS-PAGE analysis.
The Amide I region (1600 _ 1700 cm _ 1
) reflects the secondary structure of protein samples (Raussens et al., 2003) . Thus, the contents of secondary structures in the TWG products from our study were calculated as shown in Table 4 . The Amide I region of the samples consisted of seven components (Fig. 3 ) located at 1608, 1623, 1643, 1654, 1670, 1687 , and 1697 cm _ 1 , representing an intramolecular β-sheet of protein aggregation, another intermolecular β-sheet of protein aggregation, a random coil, an α-helix, a β-turn, a β-sheet , and an extended β-sheet, respectively (Liao et al., 2010; Mejri et al., 2005) . As exhibited in Table 4 , WG was comprised of 24.08% α-helices, 20.79% β-turns, 21.82% random coils, and 33.31% β-sheets. Extrusion treatment led to a reduction in α-helices (from 24.08% to 23.59%) and β-turns (from 20.79% to 20.34%), and increased the formation of β-sheets (from 33.31% to 33.78%) and random coils (from 21.82% to 22.29%).
Unstable structures in wheat gluten can be changed to stable structures using extrusion with high temperature, pressure, and shearing forces (Cui et al., 2011) . This suggests that strong external conditions induce self-reassembly of β-sheets into β-turns and α-helix structures. Since β-sheets are always found as internal structures in the folded molecule, the observed partial increase in β-sheet structures indicates a strengthening of wheat gluten spatial structure crosslinking resulting from the extrusion process (Rahaman et al., 2016) . Adding increasing amounts of CSL increased the proportion of β-sheets while reducing β-turns, α-helices and random coil formations in texturized wheat gluten.
Thus, CSL strengthened the network structure of texturized wheat gluten. This result is consistent with the TPA.
Raman spectroscopy To further characterize the impact of CSL on the structural conformation of wheat gluten samples during the extrusion process, the Raman spectra of wheat gluten samples in the powder state were analyzed (Fig. 4) . increased with the addition of CSL, further supporting that the CSL led to the transformation of random coils into β-sheets in TWG.
The intensity of Amide I bands at 1667 and 1655 cm _ 1 were markedly increased by addition of CSL to the extrusion cooking process. The increases in band intensity following extrusion indicate the disruption of secondary structures. The intensity of the band at 1668 cm _ 1 , signaling the presence of random coils, also significantly increased with CSL. We hypothesize that the CSL triggered structural unfolding of the proteins during the extrusion process, enabling the denatured proteins to rearrange and/or reassociate their structures to form more stable intermediates (Ngarize et al., 2004; Tang and Ma, 2009 ).
According to a previous report, C = O groups have significant stretching vibrations in Raman wavenumbers between 1740 _ 1800 cm _ 1 (Chen et al., 1991) . As shown in Figure 4B , we did not observe a significant change in the intensity of C = O absorption peaks for TWG compared to WG, confirming that glutamine and asparagine deamidation reactions did not occur.
According to previous studies, Raman spectroscopy can 
